
lable at ScienceDirect

Environmental Pollution 256 (2020) 113401
Contents lists avai
Environmental Pollution

journal homepage: www.elsevier .com/locate/envpol
Enhanced aqueous-phase formation of secondary organic aerosols due
to the regional biomass burning over North China Plain*

Jiayuan Wang a, 1, Gehui Wang a, b, c, *, Can Wu a, b, Jianjun Li a, Cong Cao a, Jin Li a,
Yuning Xie b, Shuangshuang Ge b, Jianmin Chen c, Limin Zeng d, Tong Zhu d,
Renjian Zhang e, Kimitaka Kawamura f

a State Key Laboratory of Loess and Quaternary Geology, Key Lab of Aerosol Chemistry and Physics, Institute of Earth Environment, Chinese Academy of
Sciences, Xi’an, 710061, China
b Key Lab of Geophysical Information System of the Ministry of Education, School of Geographic Sciences, East China Normal University, Shanghai, 210041,
China
c Institute of Eco-Chongming, 3663 N. Zhongshan Rd., Shanghai, 200062, China
d BICeESAT and SKLeESPC, College of Environmental Sciences and Engineering, Peking University, Beijing, China
e Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing, China
f Institute of Low Temperature Science, Hokkaido University, Sapporo, 060-0891, Japan
a r t i c l e i n f o

Article history:
Received 9 July 2019
Received in revised form
30 September 2019
Accepted 13 October 2019
Available online 12 November 2019

Keywords:
Dicarboxylic acids
Aging process
Aerosol liquid water content
Aqueous-phase formation
Stable carbon isotopic composition
* This paper has been recommended for acceptanc
* Corresponding author. School of Geographic Scien

versity, Shanghai, 200241, China.
E-mail address: ghwang@geo.ecnu.edu.cn (G. Wan

1 Now at Department of Environmental Health Sc
chusetts, Amherst 01002, Massachusetts, USA.

https://doi.org/10.1016/j.envpol.2019.113401
0269-7491/© 2019 Elsevier Ltd. All rights reserved.
a b s t r a c t

This study reveals the impact of biomass burning (BB) on secondary organic aerosols (SOA) formation in
the North China Plain (NCP). Filter samples were analyzed for secondary inorganic aerosols (SIA), oxalic
acid (C2) and related aqueous-phase SOA compounds (aqSOA), stable carbon isotope composition of C2

(d13C(C2)) and aerosol liquid water content (ALWC). Based on the PM2.5 loadings, BB tracer concentra-
tions, wildfire spots and air-mass back trajectories, we distinguished two episodes from the whole
campaign, Episode I and Episode II, which were characteristic of regional and local BB, respectively. The
abundances of PM2.5 and organic matter in the two events were comparable, but concentrations and
fractions of SIA, aqSOA during Episode I were much higher than those during Episode II, along with
heavier d13C(C2), suggesting an enhanced aqSOA formation in the earlier period. We found that the
enhancement of aqSOA formation during Episode I was caused by an increased ALWC, which was mainly
driven by SIA during the regional BB event. Our work showed that intensive burning of crop residue in
East Asia can sharply enhance aqSOA production on a large scale, which may have a significant impact on
the regional climate and human health.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Organic aerosol (OA) is a major component of atmospheric
particles around the world, significantly affecting the regional air
quality, public health and climate (von Schneidemesser et al., 2015;
Lelieveld et al., 2015). Both fieldwork and modeling studies have
suggested that secondary OA (SOA) dominates over primary OA
(POA) in most cases especially on the global scale (Huang et al.,
e by Baoshan Xing.
ces, East China Normal Uni-

g).
iences, University of Massa-
2014; Zhang et al., 2007; Ervens et al., 2011). The formation
mechanism of SOA remains unclear, but an increasing number of
studies have pointed toward the formation of SOA in cloud and
aerosol water (aqSOA) as the missing pathway (Ervens et al., 2011;
Gilardoni et al., 2016; Lim et al., 2010; Carlton and Turpin, 2013;
Carlton et al., 2007; Tan et al., 2010; El-Sayed et al., 2015; Bikkina
et al., 2017). Water in the aerosol-phase is an abundant medium
for atmospheric chemistry that forms dicarboxylic acids and “hu-
mic-like substances”, which comprise a significant amount of the
total SOA mass (Ervens et al., 2011; Carlton et al., 2007; Wu et al.,
2018). A recent study reported direct evidence on aqSOA forma-
tion during the transport of biomass burning plumes (Gilardoni
et al., 2016), further highlighting the importance of an aqSOA for-
mation to SOA production.

As one of the most abundant and identifiable components of OA
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in the atmosphere (van Pinxteren et al., 2014; Kawamura and
Bikkina, 2016), dicarboxylic acids have a strong impact on the
properties of organic particles and can play an important role in
particle nucleation (Zhang, 2004; Zhao et al., 2009) and growth
(Zhang et al., 2012; DeMott et al., 2003) as well as the activation of
cloud condensation nuclei (CCN) (Kawamura and Bikkina, 2016;
Pradeep Kumar et al., 2003; Guo et al., 2016). Also, they can
enhance the black carbon aging and therefore influence radiation
forcing (Ma et al., 2013; Peng et al., 2016). Although dicarboxylic
acids can be emitted directly from some sources (Kawamura et al.,
2013), growing evidences from field observations at many locations
(Gilardoni et al., 2016; Kawamura and Bikkina, 2016; Meng et al.,
2018; Wang et al., 2017; Sareen et al., 2016; Bikkina et al., 2015;
Wang et al., 2012) and laboratory experiments (Carlton et al., 2006;
Huang et al., 2011; Tan et al., 2012; Ortiz-Montalvo et al., 2016)
show that most of these organic aerosols in the atmosphere are
secondarily formed through photochemical oxidation. As the end
product among dicarboxylic acids, oxalic acid formation has been
reported in two pathways: (1) photochemical breakdown of longer-
chain dicarboxylic (Kawamura and Bikkina, 2016; Enami et al.,
2015), (2) oxidation of volatile organic compounds (VOCs) and in-
termediates such as glyoxal (Gly), methylglyoxal (mGly) in clouds
or wet aerosols, and the later one has been proven to be the major
pathway of SOA (Ervens et al., 2011; Carlton et al., 2007; Zhang
et al., 2016a; Lim et al., 2013). Therefore, although only account-
ing for a few percent of the total OA mass, dicarboxylic acids and
related SOA are good tracers for aqSOA formation (Gilardoni et al.,
2016).

Compound-specific stable carbon isotope provide valuable in-
formation about sources and atmospheric processing (aging)
(Wang and Kawamura, 2006). And it is mostly used to invest source
for more conservative or primary aerosols, such as long-chain fatty
acids, n-alkanes; as for shorter-chain compounds, such as dicar-
boxylic acids, it provides vital information about atmospheric aging
processes (Wang et al., 2017; Zhao et al., 2018; Zhang et al., 2016b;
Pavuluri and Kawamura, 2016).

The North China Plain (NCP) region, including several mega-
cities such as Beijing and Tianjin, has become one of the most
severely polluted areas around the world (Lelieveld et al., 2015).
Recent studies have shown that SOA is abundant in this region
(Huang et al., 2014; Wang et al., 2016; Guo et al., 2014). Biomass
burning (BB) is an important source of global atmospheric trace
gases and aerosol particles, affecting regional and local air quality
and climate (Crutzen and Andreae, 1990; Andreae and Merlet,
2001; Reid et al., 2005). Intensive biomass burning of crop resi-
dues in the field during the harvest season has frequently caused
severe haze pollution in NCP (Kawamura et al., 2013; Li et al., 2010;
Sun et al., 2016). However, only a few studies about BB in this region
have been carried out on the morphology (Li et al., 2010), mixing
state (Kecorius et al., 2017), chemical composition and life cycle
(Kawamura et al., 2013; Ho et al., 2015; He et al., 2014; Fu et al.,
2012) and biogenic SOA (Meng et al., 2018; Li et al., 2019a). Yet,
studies about the influence of BB on the formation of aqSOA in this
region are scarce. The main objective of this study is to assess the
regional and local impact of BB on aqSOA formation by using oxalic
acid and related aqSOA as tracers. Our results showed that the
summertime biomass burning can significantly enhance SOA for-
mation over NCP region.

2. Experimental section

2.1. Sample collection

Field measurements were carried out at a rural site located at
the Gucheng Agricultural Meteorological Station (39.15�N,
115.74�E) in Hebei Province. Detailed description of the station and
observation results of the meteorological condition and air quality
in this area were described elsewhere (Lin et al., 2009). Briefly, the
Gucheng site is located in the rural area of Beijing-Tianjin-Hebei
Region, which is about 110 km southwest to Beijing city, 130 km
south to Tianjin city, and 35 km north to Baoding city (Fig. S1). The
sampling site is surrounded by agricultural land, and wheat and
corn are the main crops during summertime. The PM2.5 samples at
the Gucheng site were collected every 3 h. All the samples were
collected using a high-volume air sampler (TISCH, USA) with an
airflow rate of 1.13m3min�1 onto pre-baked (450 �C for 8 h) quartz
fiber filters (Whatman 41, USA) from 10e25 June 2013. Field blanks
were also collected before and after the campaign by mounting a
pre-baked filter onto the sampler for 15minwithout turning on the
pump. After collection, all the filter samples were individually
sealed in aluminum bags and stored in a freezer (�18 �C) prior to
analysis.
2.2. Sample analysis

2.2.1. OC, EC, WSOC, inorganic ions and aerosol liquid water
content (ALWC)

The detailed methods for the analysis of element carbon (EC),
organic carbon (OC), water soluble organic carbon (WSOC) and
inorganic ions in aerosol were reported elsewhere (Wang et al.,
2010). Briefly, EC and OC in the PM2.5 samples were determined
by using a DRI Model 2001 Carbon Analyzer (detection limit for OC
and EC were 0.45 and 0.06 mg cm�2, respectively and accuracy was
between 90 and 95%) following the Interagency Monitoring of
Protected Visual Environments (IMPROVE) thermal/optical reflec-
tance (TOR) protocol (Watson et al., 2007). To analyze the WSOC
and inorganic ions in the samples, a quarter of each filter was
extracted with 35ml Mili-Q pure water for 30min via sonication.
The extracts were filtered through a syringe filter (0.25 mm, PTFE,
Waterman, USA), and then 29ml of each filtered extract was used
for measuringWSOC by a Shimadzu TOC-L CPH analyzer (detection
limit was 0.4 mg L�1, and the accuracy was 95e98%), and 6ml of
each extract was used for quantifying inorganic ions by a Dionex
DX-600 ion chromatography (detection limit less than 0.05mg L�1

for cations and anions) (Wang et al., 2010). Aerosol liquid water
content (ALWC) is associated with inorganic and organic species.
The ALWC concentrations from inorganic of the samples was
calculated by using the ISORROPIA-II model under the forward and
metastable mode, which builds up a thermodynamic equilibrium
using the measured inorganic ions (ammonium NH4

þ, sodium Naþ,
potassium Kþ, magnesiumMg2þ, calcium Ca2þ, sulfate SO4

2�, nitrate
NO3

�, and chloride Cl�), RH and temperature. The organic contri-
bution for ALWC was calculated by equation in Guo et al. (2015).
2.2.2. Dicarboxylic acids, keto-carboxylic acids and a-dicarbonyls
The method of analyzing PM2.5 samples for total detected

organic compounds (TDOC), which are dicarboxylic acids, keto-
carboxylic acids and aedicarbonyls, has been reported elsewhere
(Cheng et al., 2015; Wang et al., 2002). Briefly, a portion of filter
sample was extracted with 3e5ml MillieQ pure water. After con-
centration, the extracts were reacted with 14% boron trifluoride
(BF3)/n-butanol at 100 �C to convert the aldehyde groups into
dibutoxy acetals and the carboxyl groups into butyl esters. The
derivatized extracts were identified by a gas chromatography-mass
spectrometry (GC-MS) and quantified by a gas
chromatographyeflame ionization detector (GC-FID) (Agilent
GC7890A). The detection limits for those organic compounds were
0.1 ngm�3, and the analytical errors, based on the replicate ana-
lyses, were less than 15%.
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2.2.3. Stable isotope carbon d13C analysis
The stable carbon isotope composition of C2 (d 13C(C2))was

measured using the method developed by Kawamura and
Watanabe (2004). Briefly, d13C values of the derivatized com-
pounds were determined by gas chromatography-isotope ratio-
mass spectrometry (GC-IR-MS) (Thermo Fisher, Delta V Advantage).
d13C(C2) was then calculated from an isotopic mass balance equa-
tion based on the measured d13C of the derivatives and the deri-
vatizing reagent (1-butanol). Each sample was measured 2e3 times
to ensure the difference of the d13C values was less than 0.2‰. The
isotope data reported here is the averaged value of the triplicate
measurements.

3. Results and discussion

Based on the concentrations of PM2.5 and biomass burning (BB)
tracer Kþ, the numbers of fire hotspots and air mass trajectories
(Figs. S1eS5), the whole campaign was divided into 4 periods, i.e.,
Transition, Episode I, Episode II and Clean (see Fig. 1), among which
Episode I (June 14 to 18) and Episode II (June 19 to 20) were strongly
affected by BB (see details supporting information) and therefore
chosen by this work to investigate the impact of BB on SOA for-
mation. Temporal variations in meteorological parameters and
concentrations of gaseous pollutants and major components of
PM2.5 during the two episodes are shown in Fig. 1 and summarized
in Table S1.

3.1. Enhanced aqueous-phase formation

As shown in Fig. 1a, PM2.5 was building up markedly with an
average concentration of 230± 82 mgm�3 (Table S1) during Episode
Fig. 1. Temporal variations in (a) concentrations of PM2.5 and its major components, (b) mas
total detected organic compounds (TDOC) in PM2.5 at the Gucheng site during the 2013 CAR
two biomass-burning influenced periods, and the light blue shadow represent the clean pe
figure legend, the reader is referred to the Web version of this article.)
I, which is slightly higher than that in Episode II (201± 79 mgm�3).
Similarly, organic carbon (OC) was comparable during the two
episodes, which were 25± 11 and 23± 10 mg C m�3 in the two pe-
riods, respectively. However, secondary inorganic aerosols (SIA, i.e.
SO4

2�, NO3
� and NH4

þ) and total detected organic compounds (TDOC,
i.e., dicarboxylic acids, ketocarboxylic acids and dicarbonyls, see
Table S2) during Episode I were 72± 13 mgm�3and
2160± 1028 ngm�3, respectively, which were over two times
higher than those during Episode II (35± 11 mgm�3 for SIA and
1105± 775 ngm�3 for TDOC, respectively, Table S1 and Table S2).
Interestingly, the average ALWCwas 84 ± 47 mgm�3 during Episode
I and dropped significantly down to 44± 23 mgm�3 during Episode
II (Fig. 2a and Table S1). Similar pattern was also found for SIA and
TDOC, suggesting that the production of secondary species during
Episode I was related to ALWC. Previous studies in the NCP region
also observed double amounts of VOCs (Zhu et al., 2016), biogenic
SOA (Li et al., 2018) and dicarboxylic acids (Kawamura et al., 2013)
during wheat straw burning periods than in the normal periods,
indicating the importance of BB for SOA loadings.

Organic matter (OM¼ OC� 1.6 Xing et al., 2013), SO4
2�, NO3

� and
NH4

þ are the most abundant species throughout the campaign. The
mass fraction of OM to PM2.5 was both 18% during the two events.
However, the corresponding SIA mass fraction during Episode I
(31%) was much higher than that in Episode II (18%, Fig. 2a), indi-
cating an enhanced SIA production during Episode I. Oxalic acid
(C2) is the end product of TDOC, and the relative abundance of C2 in
TDOC (C2/TDOC) has been proposed as an indicator for aerosol
aging (Kawamura et al., 2013). Similarly, C2/TDOC during Episode I
(54%) was higher than it during Episode II (49%, Fig. 2b, Table S2),
further suggesting that organic aerosols weremore aged in Episode
I. Moreover, the ratio (8.5± 1.8%) of TDOC to OC (TDOC/OC) during
s fraction of major species in PM2.5; (c) water-soluble organic compounds (WSOC) and
Beijing campaign. The pink (Episode I) and orange shadows (Episode II) represent the
riod. The cyan represent rainfall. (For interpretation of the references to colour in this



Fig. 2. A comparison on PM2.5 compositions between Episode I and Episode II at
Gucheng, during the 2013 CAREBeijing campaign. (a) Mass fraction of major compo-
nents of PM2.5, ratios of TDOC to OC, aerosol liquid water content (ALWC) and stable
carbon isotopic ratio of oxalic acid (d13C(C2)), (b) Molecular composition of the total
detected organic compounds (TDOC). The legend in (b) are oxalic acid (C2), malonic
acid (C3), succinic acid (C4), pyruvic acid (Pyr), glyoxylic acid (uC2), glyoxal (Gly),
methylglyoxal (mGly), phthalic (Ph) and other related compounds (Others), of which
concentrations can be found in Table S2.
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Episode I was 1.5 times higher than that during Episode II
(5.6± 3.4%, Fig. 2a, Table S2), indicating the aqueous-phase SOA
(aqSOA) production was also higher in the Episode I period. OC/EC
ratio (3.4± 0.7, Table S1) was higher during Episode II than that
during Episode I (2.6± 0.7), indicating more primary organic OA in
the Episode II period. The above results consistently showed that
SIA and aqSOA productions during Episode I were enhanced and
accompanied with higher ALWC. Thus, the enhancement was
possibly caused by the higher ALWC.
3.2. Stable carbon isotope composition of oxalic acid (C2)

The stable isotopic ratio of oxalic acid (d13C(C2))
was �20.7± 1.9‰ during Episode I and higher than that during
Episode II (�23.4± 1.9‰) (Figs. 1c and 2a and Table S2). These
values are similar to those observed in urban region of Xi’an, China
(mean: e21.6‰) (Wang et al., 2012) during a regional wintertime
haze period but much lower than those observed in rural regions of
Tanzania (�18.35± 1.7‰) (Kawamura and Tachibana, 2014), back-
ground site in Gosan Island, Korea(e16.8± 3.8‰) (Zhang et al.,
2016c) and remote marine aerosols from western Pacific and
Southern Ocean (mean: e16.8‰) (Wang and Kawamura, 2006).
Fisseha et al. (2009) reported much lower value (�29.64 ± 0.2‰) of
d13C for SOA from b-pinene ozonolysis. Rudolph et al. (2000) also
found that d13C values of SOA got lower through VOC oxidationwith
OH radicals. During those lab experimental SOA formation process
the gas-phase lighter 12C-containing products preferentially parti-
tion into the aerosol phase due to the kinetic isotope effects (KIE),
resulting in the depletion of 13C compared to the aerosols we
measured in Gucheng during Episode I, which aremore aged due to
the continuous photochemical oxidation caused by the long-
distance transport.

Pavuluri and Kawamura (2012) provided laboratory evidences
for 13C(C2) enrichment via aqueous-phase photolysis by OH radical.
Their results showed that aging of aqueous phase compounds (e.g.,
C2) can result in a higher d13C value of an aerosol, because during
the oxidation process organic aerosols decompose and release
small compounds such as CO2 and CO, leading to the remining
substrates enriched in 13C due to the KIE effect (Wang et al., 2012;
Pavuluri and Kawamura, 2012; Hoefs, 2015). Such a phenomenon is
consistent with the variation trend of d13C value of the Gucheng
samples collected during Episode I, which were enriched in 13C due
to the enhanced aqSOA formation. Furthermore, the heavier value
of d13C(C2) during Episode I than Episode II also suggests more aged
aqSOA. Note that all the spikes of the d13C2 values (for example,
around the mideday 20 and morning 21) were associated with air
masses from the north direction (Figs. S1, S4 and S5), which mean
that airborne particles collected in these periods were largely
derived from long-range transported and thus relatively more aged
(Wang et al., 2017).
3.3. Correlation analysis: identification of the regional BB during
Episode I

To better understand the influence of biomass burning (BB) on
aqSOA formation, a series of correlation analysis were performed in
this work. As shown in Fig. 3a, Kþ and C2 showed a strong corre-
lation during Episode I (R2¼ 0.74, Fig. 3a) and an insignificant
correlation during Episode II, suggesting a significant impact of BB
on the formation of C2 in the earlier period. Therefore, apart from
the different emission intensity of the burning in the two episodes,
are there any other differences? To answer this question, we con-
ducted more correlation analysis. As seen in Fig. 3b, a robust cor-
relation was observed between Kþ and SO4

2� at the Gucheng site
during Episode I with R2¼ 0.57, but no significant correlation was
observed during Episode II. In contrast, the linear correlations be-
tween Kþ and Cl� showed the opposite pattern during the two
episodes with an insignificant correlation during Episode I and a
strong correlation during Episode II (R2¼ 0.51, Fig. 3c). Kþ and Cl�

are the most abundant ions in the fresh biomass burning smokes
(Reid et al., 2005; Li et al., 2003) and largely exist as KCl (Li et al.,
2010; P�osfai et al., 2003), which is of a low deliquescence relative
humidity (DHR) and strongly hygroscopic (Pagels et al., 2005;
Freney et al., 2010). During the regional transport, particles con-
taining KCl in the BB plumes can take up water vapor and form an
aqueous-phase on the aerosol surface. Then SO2 in the plumes
dissolves into the aqueous-phase and oxidizes by NO2, O3 and other
oxidants that form SO4

2� (Wang et al., 2016; Wang et al., 2018;
Cheng et al., 2016; Xie et al., 2015), which can subsequently be
converted into K2SO4 by reacting with KCl (Li et al., 2010; Zauscher
et al., 2013; Jing et al., 2017). Therefore, the fact that Kþ existed as
K2SO4 during Episode I and KCl during Episode II further demon-
strates an enhanced aqueous-phase aging effect during the BB
plume transport process in Episode I. Additionally, a few studies
have revealed that the mass ratio of C3/C4 is highly correlated with
temperature when the dicarboxylic acids are mostly derived from
local sources (Kawamura and Bikkina, 2016; Wang et al., 2009;
Meng et al., 2014). As seen in Fig. 3d, the C3/C4 ratio well correlated
with temperature only in Episode II (R2¼ 0.72, Fig. 3d), again
suggesting that aerosols during Episode II were mostly derived
from local sources and fresher, while those in Episode I weremostly
derived from long-distance transport and more aged. The above



Fig. 3. Linear fit regression analysis for major components of PM2.5 at the Gucheng site during Episode I and Episode II. (a) Kþ and oxalic acid (C2); (b) SO4
2� and Kþ; (c) Kþ and Cl�;

(d) Mass ratio of malonic acid to succinic acid (C3/C4) and temperature (T).
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correlation analysis revealed two distinct scenarios during the
campaign; in Episode I aerosols were more aged and aqSOA pro-
ductionwas significantly enhanced by the regional BB, while during
Episode II aerosols were fresh and influence of BB on aqSOA for-
mation was much less significant.

3.4. Enhanced aqSOA formation during Episode I due to water
vapor uptake

Higher RH and hygroscopic species, such as SIA, can increase
ALWC, which is a key component of airborne particles and serves as
a medium accommodating aqueous-phase reactions (Ervens et al.,
2011; Seinfeld et al., 1998; Liao and Seinfeld, 2005). As seen in
Fig. 4a and b, ALWC not only exponentially increased with RH but
also well correlated with the concentration (Fig. S6, R2¼ 0.69) and
fraction of SIA during the campaign. Moreover, the increase of
ALWC was much faster for a higher SIA concentration at a given RH
(Fig. 4a), suggesting that both RH and SIA concentration can affect
the ALWC in our study. However, as shown in Table S1, the average
ALWC during Episode I was almost two times of that during Episode
II (84 and 44 mgm�3, respectively), while RH only slightly decreased
from 65% in Episode I to 56% in Episode II. Thus, the high ALWC
during the Episode I was caused mostly by the high concentrations
of SIA rather than the relatively higher RH.

As seen in Fig. 4c, TDOC exhibited moderately positive correla-
tion (R2¼ 0.46) with ALWC during Episode I. Note that the data
after the rainfall on June 17 was off the trend, probably because
these were newly formed TDOC after the rainfall (the d13C(C2) were
more depleted (mean �23.04‰) Fig. 1e), but they still strongly
correlated to ALWC (Fig. 4c). Whereas during Episode II the
correlation was not significant (Fig. 4c), The strong correlation be-
tweenTDOC and ALWC indicates aqueous-phase formation of TDOC
in the wet aerosols during Episode I, while during Episode II they
were possibly formed in cloud and therefore has no relation with
local ALWC (Ervens et al., 2011; Carlton and Turpin, 2013; Tan et al.,
2010; Lim et al., 2013). This also could explain the inconsistent
relation between C2 and SO4

2� (Fig. S7) during the two episodes,
since SO4

2� has been suggested to form in wet aerosol oxidized by
NO2 and other oxidants during haze period in China (Wang et al.,
2016; Cheng et al., 2016). Similarly, as shown in Fig. 4d, the ratio
of TDOC to OC (TDOC/OC) also had moderate correlation with SIA
mass fraction (R2¼ 0.43) and showed clearly concurrent elevation
with ALWC during Episode I, indicating that TDOC production was
positively affected by SIA fraction and ALWC.Whereas there was no
correlation between TDOC/OC, SIA fraction and ALWC during
Episode II (Fig. 4d). These results indicate that aqSOA formationwas
strongly affected by ALWC during Episode I, whereas the effect was
not significant during Episode II. Interestingly, the ratio of C3/C4
showed significant positive correlation with O3 (R2¼ 0.78, Fig. S8)
during Episode II, indicating that photochemical processing might
be important during this period. Xu et al. (2017) found different
impact of ALWC on SOA formation, with more influence on the
more oxidized OA, and the less oxidized OA was more affected by
photochemical processing. Our results agree well with their ob-
servations; the aqSOA during Episode I was more aged (d13C(C2)
was �20.7‰) and strongly affected by ALWC, whereas during
Episode II the aqSOA was fresher (d13C(C2) was �23.5‰) and much
less affected by ALWC.

Based on above results, here we propose a positive feedback
loop among SIA, ALWC and aqSOA to explain our observation as



Fig. 4. Regression analysis for (a) relative humidity (RH) and aerosol liquid water content (ALWC), (b) SIA to PM2.5 mass ratio and RH; (c) ALWC and total detected organic
compounds (TDOC), and (d) mass fraction of SIA in PM2.5 and the ratio of TDOC to OC (TDOC/OC) at the Gucheng site during the 2013 CAREBeijing campaign. The gray dots, solid
triangle and empty square markers in (c) and (d) represent all data from the whole campaign, Episode I and Episode II, respectively.
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follows. The intensive burning of wheat straw during Episode I
emitted large amounts of gas pollutants (such as NOx, SO2, NH3 and
VOCs) and hygroscopic particles like KCl. During the long-distance
transport process, the hygroscopic particles in the BB plume can
take up water vapor and form an aqueous phase on the aerosol
surface, promoting the partitioning of SO2, NO2 and NH3 into the
aqueous-phase and the subsequent oxidation to produce SIA (Wang
et al., 2016; Cheng et al., 2016; Xie et al., 2015). The heterogeneously
formed SIA further take up water vapor which not only resulted in
the high ALWC and but also increased the partitioning of water-
soluble organic gases into the aqueous phase. Since BB plumes
are enriched with water-soluble organic compounds (e.g., car-
bonyls, carboxylic acids, and phenols) and oxidants (e.g., O3 and
NO2), thus, an enhanced formation of aqSOA was observed in the
NCP due to the intensive open burning crop residue.

In fact, the positive feedback loop between ALWC and SIA has
been brought up and discussed already by several studies (Wu
et al., 2018; Liu et al., 2017), and the enhancement of SOA by
ALWC was also reported (Hodas et al., 2014; Hennigan et al., 2008).
Our results present evidences of the important role of ALWC be-
tween both SIA and SOA e a feedback loop not only between ALWC
and SIA but also between aqSOA.

A recent study showed that the concentrations of SO2, sulfate
and OA in NCP region exhibited a large declined in the recent years
due to the clean air actions; in contrast, the NOx, NH3 have been
increased notably, resulting in increased nitrate and SIA fraction
significantly (Li et al., 2019b). Considering the increased hygro-
scopic SIA fraction in the particulate matter, the positive feedback
loop we proposed here could also be triggered during other
regional haze episodes from different sources, such as coal
combustion which is the major source for NCP during wintertime.
More stringent emission control should be taken into action to
reduce anthropogenic emission.
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